The introduction of light sheet fluorescence microscopy (LSFM) has overcome the challenges in conventional optical microscopy. Among the recent breakthroughs in fluorescence microscopy, LSFM had been proven to provide a high threedimensional spatial resolution, high signal-to-noise ratio, fast imaging acquisition rate, and minuscule levels of phototoxic and photodamage effects. The aforementioned auspicious properties are crucial in the biomedical and clinical research fields, covering a broad range of applications: from the super-resolution imaging of intracellular dynamics in a single cell to the high spatiotemporal resolution imaging of developmental dynamics in an entirely large organism. In this review, we provided a systematic outline of the historical development of LSFM, detailed discussion on the variants and improvements of LSFM, and delineation on the most recent technological advancements of LSFM and its potential applications in single molecule/particle detection, single-molecule super-resolution imaging, imaging intracellular dynamics of a single cell, multicellular imaging: cell-cell and cell-matrix interactions, plant developmental biology, and brain imaging and developmental biology.
Introduction
Optical microscopy, one of the fundamental visualization tools, is essential for the discovery of complex and dynamic biological processes in the three-dimensional (3D) world. Since the earliest microscopic studies conducted by Antonie van Leeuwenhoek in the 17th century, a number of microscope generations have been developed to reveal the ever-changing and demanding scientific mysteries in biological systems. 1, 2 However, complex and dynamic multicellular living systems demand quantitative measurement and statistical analysis for validation of the hypothesis through investigation. In addition, these multicellular living systems should be cross-examined noninvasively to circumvent possible complications. Modern imaging techniques have answered certain demands for quantitative and noninvasive measurements. In a typical imaging process, the images are formed by mapping and reconstructing a specific spectroscopic feature. For example, the fluorescence images can either be obtained through direct acquisition by detecting fluorescence signals using an area detector or indirect reconstruction by using a point-scanning excitation source through the sample. With the advancement in molecular techniques, high-powered lasers, powerful computer storage, rapid computational tools, and fast and robust digital image acquisition systems, modern microscopy tools are currently capable of recording spatiotemporal information from biological systems with unprecedented resolution and speed, changing the way we see, record, interpret, and understand biological events.
where is the wavelength of light and NA ¼ n siny is the numerical aperture. It circumscribed observations of individual biomolecules in the crowded subcellular compartments. This is the reason why a number of novel optical imaging techniques were introduced to allow observations of subcellular structures along with a spatial resolution that exceeds the diffraction limit. These super-resolution optical microscopic techniques comprise stimulated emission depletion (STED) microscopy, 4, 5 3D structured illumination microscopy (3D-SIM), 6 photoactivated localization microscopy (PALM), 7, 8 and stochastic optical reconstruction microscopy (STORM). 9, 10 Development of the abovementioned microscopic techniques open new possibilities to visualize the intracellular world with a resolution that exceeds the diffraction limit in living cells. In fluorescence microscopy, epi-illumination is one of the most commonly used methods; however, it uses an excitation light that passes through the entire sample and produces outof-focus signals leading to the reduction of axial resolution. In addition, it limits high-resolution image recording in all three dimensions simultaneously as time proceeds. Normally, achieving high spatial resolution requires longer time, numerous measurements, and high photon numbers, which are potentially damaging to the specimen. 11, 12 These issues have been overcome with the introduction of light sheet microscopy a decade ago, which improves the image resolution and concurrently keeps the exposure of the specimen at a minimum level. 13 Recent developments in light sheet microscopy and their application in bio-imaging are prompted by light sheet illumination, which was described over a century ago as ultramicroscopy by Siedentopf and Zsigmondy. 14 The fundamental principle of light sheet fluorescence microscopy (LSFM) is the creation of a thin excitation light sheet that is orthogonally oriented to the detection axis, illuminating a single plane of the sample specimen via an illumination objective lens. The emitted fluorescence signals are collected by a detection objective lens which is mounted in perpendicular to the illumination axis. By moving the sample specimen through the light sheet, the images can be acquired, plane-by-plane, throughout the whole sample and thus 3D image stacks can be quickly obtained for quantitative analysis. 13, [15] [16] [17] Furthermore, the LSFM is well-equipped with fast area detectors such as electron multiplying charge-coupled devices (EMCCD) or metal oxide conductor (CMOS) cameras with very high sensitivity to permit the enormous and parallel acquisition of millions of pixels with high-speed recording and high-quality imaging over a large field of view. In LSFM, the thickness of the generated light sheet defines its axial sectioning capability and therefore should be similar or even thinner than the depth of the detection system. Given a small region of the LSFM sample specimen exposed to the excitation light, it offers a number of advantages over the conventional optical and confocal microscopes, such as: (1) reduced sample exposure to the excitation light, which limits photobleaching; and (2) the absence of light scattering effect and out-of-focus contribution that improves the signal-to-noise (S/N) ratio, and the undamaged sample above or below the focal plane. 18, 19 However, this advancement comes along with certain technical challenges, e.g., large data sets were produced when 3D images are recorded with very high resolution. Huge terabytes of data are generated by LSFM in everyday recording and measurements. The transferring, storing, and analyzing of such enormous volumes of images require not only dedicated and robust software and hardware but also systematic analysis of large ensembles. Therefore, it is necessary to have a smart acquisition device that permits the selection of information-rich data over the distorted ones.
In this review, we have provided a detailed discussion on the variants and improvements of light sheet fluorescence microscopes and its applications in the study of biological processes, such as single molecule/particle detection, single-molecule super-resolution light sheet microscopy, imaging intracellular dynamics of single cell, multicellular imaging: cell-cell and cell-matrix interactions, plant developmental biology, and brain imaging and developmental biology.
Variants and Improvements of Light Sheet Fluorescence Microscopes
To begin with, light sheet illumination was first introduced in 1903 as ultramicroscopy by Siedentopf and Zsigmondy, wherein the diffraction limit was realized by focusing a white light spectrum (sunlight) that passes through an adjustable slit aperture. 14 The application of this technique as an imaging tool was proposed by Voie's group in 1993 as orthogonal plane fluorescence optical sectioning (OPFOS). 20 Figure 1 shows the basic design of the components of OPFOS, which is also later referred to as LSFM. In this system, a light sheet is generated by focusing the laser light through a cylindrical lens. The basic LSFM setup is to employ two objective lenses that are orthogonal to each other: an illumination objective lens creates the light sheet and the detection objective lens detects the fluorescence emission. The sample is placed between the two objective lenses and its position is controlled by a four-dimensional (4D) stage (XYZ positional; rotational angle, r). The good optical sectioning is attained by illuminating the sample with a thin light sheet along a separate optical path that is orthogonal to the detection axis, while the emission is collected by a wide-field microscope that is oriented 90 to the light sheet.
In 1995, the theory and design of LSFM was discussed in detail by Stelzer and Lindek. 21 In these studies, pinholes were used to shape the light source, and the detection objective lens was mounted at 102 with respect to the illumination objective lens. This system was also referred to as confocal theta microscopy. 22 Although the use of a light sheet was recommended as an imaging tool for biological applications by Voie in 1993, the widespread applications of LSFM were not realized until 2004. In 2004, Huisken et al. applied the light sheet technique in a fluorescence microscopy system that is also known as selective plane illumination microscopy (SPIM) to generate images of Medaka and Drosophila during embryo development. 13 The fundamental design of the system is similar to that of OPFOS, which uses cylindrical lenses to generate the light sheet and a detection objective lens that is located orthogonally to the illumination objective (Fig. 1) .
In 2008, to achieve a fast imaging speed and good imaging quality of recording larger specimens, Keller et al. developed a digital scanned laser light sheet fluorescence microscopy (DLSM). 18 The basic concept of this method is using a laser scanner and an f-theta lens to generate a virtual light sheet by rapidly scanning laser light through the specimen. The image is also collected in the direction that is orthogonal to the plane. The primary advantage of this system is the generation of a uniform intensity of light sheet that is created by the scanning laser line through the whole specimen, which is suitable for quantitative imaging of large specimens. Moreover, it permits the imaging of same specimen along multiple disparate directions, providing an increase in acquired information and making certain parts of the specimen visible that would otherwise remain hidden when observed in a single direction. 18, 23, 24 Since the development of SPIM and DLSM, some variations in these techniques have improved the performance of LSFM. In LSFM, the light only illuminates one section of the sample, while light scattering and absorption could become a challenging issue for larger samples. Hence, it is necessary to image large samples at different angles to minimize the image distortion created by scattering and absorption. Conversely, rotating the sample causes other drawbacks such as inherent misalignment, time resolution limit, photobleaching, and phototoxicity. To tackle these problems, multiview microscopy (MuVi-SPIM) has been developed by Krzic et al. 25 MuVi-SPIM was built by using four objective lenses (two opposing illumination objectives and two opposing detection objectives) along two perpendicular axes that are synchronized to focus on the specimen at the focal plane, enabling the recording of four 3D images simultaneously. Moreover, taking advantage of the latest developments in sCMOS cameras, MuVi-SPIM is capable of recording every section at high acquisition speeds. As a result, it permits the high-speed imaging of large samples from multiple directions and the reconstruction of highquality images in real time. On the other hand, for the advanced and improved spatiotemporal resolution of LSFM, the application of multiple interfering Bessel beams 27 or lattice beams 28 have been established. In a standard LSFM experiment, a Gaussian beam (Fig. 2a) is mainly used to generate a light sheet. However, the Gaussian beam-created light sheet, commonly used in a conventional LSFM setup, is considered too thick for observations in subcellular imaging involving cellular dimensions. Nevertheless, the Gaussian beamcreated light sheet was successfully employed in 3D live imaging of multicellular specimens, providing a high spatial resolution. The 3D spatial resolution is primarily given by the numerical apertures of both the excitation (NA exc ) and detection (NA det ) objective lenses. To determine the lateral resolution (r lateral ) in Gaussian beam plane illumination, the diffraction limit of conventional wide-field microscopy is considered,
wherein em is the wavelength of the emitted fluorescence. On the other hand, the axial resolution,
correlates with the thickness of the illumination light sheet, exc 2NA exc and the axial resolution of the detection objective lens, em nð1Àcosy det Þ , where in exc is the excitation wavelength, n is the refractive index of the imaging buffer, and cosy det ¼ sin À 1ðNA det =nÞ is the half angle of light collection in the imaging buffer. Evidently, a higher NA exc leads to an increase in axial resolution, corresponding to a thinner light sheet. 29 The development of a Bessel beam (Fig. 2b) has answered the challenge of the conventional LSFM with Gaussian beam illumination. In Bessel beam plane illumination technique, an annular beam illumination pattern is projected at the rear pupil of the excitation objective lens which then creates a beam with a narrower core and concentric side lobes. The non-diffracting nature of Bessel beams, which exhibit self-reconstructing properties of accelerating Airy beams, could reduce shadowing and scattering artifacts in the illumination plane. In such systems, the same high NA objective lenses that were used for detection and illumination can produce thinner light sheets to achieve isotropic resolution in 3D imaging. Nonetheless, several inevitable effects of the residual side lobe energy from a Bessel beam such as increased out-of-focus background, reduced optical sectioning, and photobleaching were reported. To mitigate the aforementioned effects, Bessel beam plane illumination was combined with structured illumination microscopy (SIM). In this optical microscopic setup, a period pattern, T, is moved relative to the sample in N equal steps of T=N and therefore the effects of the Bessel beam side lobes were eliminated. 29 Quantitatively, the resolution limit of Bessel beam plane combined with structured illumination microscopy in the x-direction is given by
where T is the period of beam pattern and H corresponds to the nth order of harmonic, and in the z-direction by
The resolution along the beam propagation direction (the y-axis) remains diffraction limited
Lattice LSFM (Figs. 2c, d ) employs a two-dimensional (2D) optical lattice (a non-diffracting light beam having the cross-sectional symmetry of a 2D Bravais lattice) to generate an ultrathin light sheet. 26 To produce the lattice, a pair of cylindrical lenses was added in the x-direction to stretch the input beam, and another pair of lenses was located in the z-direction for the light compression. A spatial light modulator (SLM) was mounted at the sample plane to project the desired lattice pattern. There are two operation modes for lattice LSFM: the super-resolution mode, which generates 3D images beyond the Abbe diffraction limit; and the dithered mode, which allows a rapid acquisition for large specimens. Compared with Bessel beam plane illumination, wherein the restriction in the y-direction to cover the entire field of view results in a substantial out-of-focus background in the z-direction due to the side lobe energy concentric to the central beam as it swept in the x-direction, the 2D optical lattices can be optimized to either confine the excitation tightly to the xy-plane (see Fig. 2c ), maximize the z resolution (see Fig. 2d ) defined by the overall point spread function of the microscope, or provide super-resolution in the xz-plane by SIM. Recently, there have been several groups that are working on the development of new techniques to combine LSFM with super-resolution techniques to improve the axial resolution for thick specimens. 18, 30 Single Molecule -Particle Detection Several LSFM setups that had been used for single-molecule detection are summarized in Fig. 3 . In 2010, Ritter et al. employed the light sheet optical sectioning in a commercial inverted microscope to achieve an ultrasensitive high-speed tracking of single molecules in a solution and image living cells and even tissues. 31 In this system, the 10Â, NA 0.28 objective lens was used for illumination, and the detection objective lens, which was located orthogonally to the illumination objective lens, was either a 40Â, NA 1.2 waterimmersion objective lens or a 10Â, NA 0.3 objective lens. Light sheet fluorescence microscopy has been used to track single native messenger ribonucleoprotein particles (mRNP) in the nucleus of salivary gland cells of larvae of the dipteran C. tentans. The labeling of the mRNP is based on the capability of RNA-binding protein hrp36. In those experiments, fluorescent ATTO647N-labeled hrp36 was injected. Three different mobility patterns of the Balbiani ring (BR) mRNPs were found.
Light sheet microscopy-fluorescence correlation spectroscopy (FCS) has been used for recording the activation of nuclear dynamics of retinoid X receptors (RXRs) in single cells on the sub-second scale. The results have shown that the ligand-induced transition process started from a fast to a slow population going through the nucleus. 33 An LSFM-FCS combination has also been used to investigate dynamics of fluorescent nanobeads in living zebrafish embryo blood streams at 48 h post fertilization. 34 The diffusion coefficient of the nuclear localization signal green fluorescent protein (GFP) in an isolated wing of Drosophila melanogaster was measured, and the protein interactions of the alpha isoform of heterochromatin protein 1 ðHP1) with chromatin in 3T3 cells was also observed in the same system. 35 Nuclear export of single native mRNA molecules in Chironomus tetans salivary gland cells has been investigated with this technique. Siebrasse et al. labeled the native mRNP (ribonucleoprotein) with fluorescent hrp36, while the hRNPA1 and the nuclear envelope was labeled with fluorescent NTF2. 36 In this experiment, the single native mRNA across the nuclear envelope was effectively traced by probing the nuclear pore complex at the nuclear face. The complete export time was approximately 65 ms.
Lattice LSFM, which utilizes a 2D optical lattice to produce an ultrathin light sheet, enables higher acquisition speed (hundreds of focal planes per second) for studying single molecule dynamics, along with high resolution for large specimens. The 3D microtubule growth dynamics were recently investigated by Yamashita et al. through the application of lattice LSFM combined with a microtubule growth marker end-binding 1 fused to the green fluorescent protein (EB1-GFP), which is considered as a microtubule plus-end-tracking protein, in the cellular cytoplasmic space. 37 This super-resolution technique provided a high 3D spatial resolution at sub-second intervals, substantial information on various dynamic properties of individual microtubules-i.e., 3D spatial mapping of the microtubule's direction, growth speed, and growth duration-and a comprehensive understanding of different mechanisms behind each cellular machinery at the whole cell level.
Combining two-photon FCS and lattice LSFM, Chen et al. have demonstrated the target searching process and binding kinetics of the pluripotency regulators in which Sox2/Oct4 transcription factor (TF) binds to its DNA target in the mouse embryonic stem cells (ES). 38 By labeling the TF with a TMR-HaloTag, it was observed that Sox2/ Oct4 followed a trial-and-error binding mechanism that involved 84-97 3D diffusion events interspersed with quick non-specific collisions before stably engaging with specific target DNA via an ordered assembly mechanism. This measurement also indicated that the Sox2 target searching mode was facilitated by 1D sliding along short stretches of naked DNA to efficiently locate targets. In these studies, an average behavior of TFs in single cells was measured. However, there still remain some uncertainties about the TF behavior in distinct sub-nuclear regions. To address this issue, Chen et al. employed the combination of lattice light sheet microscope and exclusive theoretical calculations in the tracking of single molecules and mapping of ChIP-exo for the determination of the precise localization of Sox2 enhancer in live embryonic stem cells. 26 This technique allows a two-color imaging modality which revealed the spatial distribution of Sox2-binding sites in euchromatic and heterochromatic regions. The experimental results indicated a huge segregation of Sox2 clusters from the heterochromatin and overlapped with a subset of a pol IIenriched region. 39 Another group has also used LSFM based on two-color fluorescence cross-correlation spectroscopy (LSFM-FCCS) to observe the locations of an eGFP-mRFP1-dimer in the nucleus as well as the cytoplasm in CHO cells. 40 With the assistance of lattice LSFM, Wang et al. have searched and presented the evidence of serine-rich phosphorylation that interacts with and regulates the dynamics of P-granules in C. elegans embryos (Fig. 4) . 41 They found that the group of phosphorylation protein promotors, which interact with MBK-2/DYRK and PP2A/PPTR-1-2 to regulate assembly or disassembly in P-granules, is MEG (maternaleffect germline defective). Utilizing this high-resolution microscopy, they were able to observe the dynamic domain of the GFP-tagged MEG3 interacting with P-granules. The way that the MEG3 penetrates and surrounds each granule follows an almost ribbon-like path. They have concluded that the assembly of non-homogenous P-granules in the embryos was primarily regulated by phosphorylation. The abovementioned mechanism was observed through the application of 3D-SIM lattice light sheet microscopy.
Optical projection tomography (OPT) that was similarly used in LSFM, which has been designed to be easily switched between two modalities, enabled the recording of fluorescent recovery after photobleaching (FRAP). Under low photobleaching conditions, this approach allows the monitoring of spatiotemporal gene expression, localization of biomarker proteins such as IFE-2::GFP and DCAP-1::dsRED, and the monitoring of the distribution of these proteins during aging and under starvation stress. This study was conducted in individual or small groups of adult Caenorhabditis elegans nematodes.
Single Molecule Super-Resolution LightSheet Microscopy
In this section, the illumination technique employed in localization-based super-resolution imaging in LSFM will be intensively discussed. The primary goal of this technique is to provide a sub-diffraction-limited resolution combined with a good S/N ratio in imaging thick biological sample specimens. Zanacchi et al. first developed the individual molecule localization-SPIM (IML-SPIM), that is considered a combination of super-resolution microscopy and SPIM for single-molecule imaging applications. 43 In this method, the conventional setup of light sheet illumination was employed by placing a cylindrical lens (f ¼ 200 mm or f ¼ 500 mm) at the back of an aperture of a 10Â, NA 0.3 illumination objective lens (Fig. 3b) . A 40Â, NA 0.8 or 100Â, NA 1.1 objective lens was used for detection. Similar to the PALM technique, photoactivatable monomeric Cherry was fused to histone H2B (H2B-PAmCherry), which allowed localization of the H2B-PAmcherry fusion protein in an entire MCF10A cell spheroid with a diameter of 50-150 mm. They were able to continuously image the whole sample to achieve 3D imaging with radial and axial resolutions of 63 and 140 nm, respectively.
For an enhanced spatiotemporal resolution of LSFM to benefit molecular imaging applications, the reflected light sheet fluorescence microscopy (RLSFM) has been developed, providing a vertical orientation of illumination and detection objective lenses in the LSFM setup. To reflect the generated light sheet into the horizontal plane, a disposable mirror was mounted near the sample, creating a substantial space for the high-NA objective lens used in horizontal sectioning (Fig. 3a) . The application of a thin light sheet increases the signal-to-background ratio and allows capturing image of single fluorescent proteins at up to 100 Hz. Gebhardt et al. designed RLSM by adding a polished AFM cantilever close to the sample surface to reflect the light sheet 90 . 44 In their system, a 40Â, NA 0.8 waterimmersion objective lens was used for excitation, and either a 100Â, NA 1.35 or 100Â, NA 1.4 oil-immersion lens was used as the detection objective lens. Figure 5 shows the single-molecule detection of a histone H4 that was fused to the photoactivatable fluorescent protein mEos2 in MCF-7 cells was studied by using the RLSM technique, and the image has been compared with an image that was generated with HILO ( Fig. 3e) . The result showed that the RLSM enhanced the S/N ratio. In this experiment, the residence times of DNA in various oligomerization states and with mutants of the glucocorticoid receptor (GR) and the estrogen receptor-a (ER) were determined, revealing different modes of DNA binding to GR. A similar technique was used by Zhao et al. to examine the clustering possibility of RNA polymerases inside the giant salivary glands or mammalian nuclei. 45 With this approach, it was proposed that the theory of ''transcription factories'' needed to be considered. In fact, these artificial transcription factories that were reported in previous studies [46] [47] [48] were potentially created because of insufficient resolution to spatially separate RNAP II molecules. In this study, the majority ( > 70%) of the transcription foci were found to exist in solitary fashion and remained unclustered. This reflected light sheet microscopy could be used to track DNAbound transcription factors or endosomal markers in single cells or Drosophila embryos. 49 Different from the previous two RLSM systems, which utilized an AFM cantilever as reflector, this RLSM system utilized a microprism to reflect the light sheet onto the focal plane of a high-NA detection objective. In this platform, a 20Â, NA 0.95 waterimmersion objective lens was used as illumination objective lens, while the fluorescence signal was collected by a high-NA water-immersion objective lens (40Â, NA 1.25).
After the RLSM system, another technique, known as light sheet Bayesian super-resolution microscopy ( Fig. 3d) , was developed by Hu et al. 32 In this technique, Figure 5 . A comparison between the images acquired using reflected light sheet microscopy (RLSM) and highly inclined optical sheet microscopy of the MCF-7 cell expressing mEos2-histone H4. The dashed line shows the outline of the nuclear envelope. 44 a Pellin-Broca prism was mounted between an illumination objective lens (50Â, NA 0.55) and a detection objective lens (63Â, NA 1.0 water immersion). This system has been established to image heterochromatin HP1a in the nucleus of human stem cells. In a similar approach, Li et al. have overcome the limitations of LSFM in single-particle tracking, such as the low S/N ratio and depth restrictions, for the imaging of apical membrane in mammalian cells through the application of prism-coupled light sheet microscopy (PCLSM). 50 Likewise, a Pellin-Broca prism was used after the illumination with a high-NA objective lens (50Â, NA 0.55). The sample was tilted 17.5 on top of the prism, and the image was recorded with a 63Â, NA 1.0 water-immersion lens. This PCLSM system permits the tracking of a single EGF that is conjugated with ATTO565 dyes on the apical membrane of living A549 cells (Fig. 6) . It was revealed that it is possible to observe the docking of EGF to a receptor until the internalization or photobleaching of particles. Broad diffusion behaviors of EGF were observed, with an average diffusion coefficient of 0.13 mm 2 /s. Chen et al. have applied the dithered lattice light sheets to single-molecule imaging. 26 This technique significantly extended the application to 3D localization in thick specimens. In this system, the fluorescence generated by the specimen was collected by a detection objective lens (25Â, NA 1.1) and an excitation objective lens with an NA of 0.65. The PALM technique was designed by placing a cylindrical lens with a 1000 mm focal length at approximately 40 mm before the imaging camera. The lattice light Figure 6 . The time series representation on the complete movement of EGF-biotin-streptavidin-ATTO565 complex during its binding and finally dissipating on the A549 apical membrane. 50 sheet was used as illumination in PALM to image Dendra2-lamin targeting the nuclear envelope of fixed U2OS cell. In total, 4.2 Â 10 6 molecules were localized in the image to reveal the structure of the entire nucleus (volume dimension of 51 Â 26 Â 30 mm 3 ).
Imaging the Intracellular Dynamics of a Single Cell
The noninvasive study of the dynamic interaction of macromolecule assemblies inside the living cells at the nanoscale assumes substantial importance. Lattice light sheets have been proved to be capable of tracking and monitoring the 3D behavior of microtubules (MTs) throughout every stage of mitosis. 26 In this study, two proteins in HeLa cells were labeled with fluorescent proteins: EB1-GFP, which indicates the microtubule plus-ends, and Tag-RFP-H2B, which binds chromosomes. By analyzing the 3D images, the researchers determined the growth phase lifetime, the position of the tips, and the speed of growth for entire cells. After conducting investigations in 12 cells, an initial increase in the velocity of the microtubules was observed in the beginning of mitosis, further augmented twice during the prometaphase or metaphase, and then gradually decrease back to the original interphase velocity during cytokinesis. Furthermore, the three-color lattice light sheet microscopy significantly revealed the spatial relationship of the endoplasmic reticulum (ER), mitochondria, and chromosomes during mitosis (Fig. 7) . 51, 52 In addition, LSFM is capable of generating highresolution 3D images at sub-second intervals. From these images, the spatial variations of 3D growth dynamics of microtubules within a crowded mitotic apparatus during mitosis can be possibly studied in detail, including the velocity, the direction, and the duration of growth. 37 Light sheet fluorescence microscopy was efficiently combined with patterned activation nonlinear structured illumination microscopy (PA NL-SIM) to obtain the images of mitochondria in COS-7 cells and the actin cytoskeleton and the Golgi apparatus in U2OS cells. 26, 53 High-NA TIRF SIM was first used to study the dynamics at the basal membrane with sub-100 nm resolution. The lifetime of the Lifeactassociated clathrin-coated pits (CCPs) was measured to be 56 s. To achieve a higher resolution, nonlinear SIM was applied. The nonlinearity in the patterned saturated fluorescence excitation introduced additional harmonic components, which extended the resolution of SIM to =½2NAðH þ 1Þ, where H is the nth order of the harmonic. With photoswitchable protein Skylan-NS, 62 nm resolution was achieved to reveal the dynamic of f-actin in a living COS7 cell. The protein pair dynamics can be successfully investigated in living cells through the application of combined TIRF SIM along with PA NL-SIM. On the contrary, the effective incorporation of the lattice light sheet microscopy with PA NL-SIM allows the image recording of 3D live cells. The time-lapse distribution of Golgi resident enzyme Skylan-NS-MannII, which has a cis-facing void inside cisternae, has been systematically recorded.
Coupling a Bessel beam with structured light sheet illumination or two-photon excitation (thinner light sheet <0.5 mm) is one of the promising techniques for the study of complex biological phenomena that require 4D subcellular spatiotemporal resolution. Planchon et al. have constructed a microscope with Bessel beam plane illumination that provided 3D isotropic resolution down to $0.3 mm, at a high recording speed of 200 image planes per second with low phototoxicity. 27 With this system, the active movement of mitochondria, filipodia, membrane ruffles, intracellular vesicles, and mitotic chromosomes were substantially examined. The abovementioned technique has been potentially applied to observe karyotyping of chromosomes during mitosis in U2OS cells (Fig. 8) . 54 
Multicellular Imaging: Cell-Cell and CellMatrix Interactions
In real tissues, cells mostly interact with their neighboring cells through chemical and mechanical stimuli via an extracellular matrix. Such an interaction network extends in all three dimensions. Therefore, to investigate all of the physiological information in a 3D cell, time-lapse and long-term imaging are required.
Ritter et al. significantly discovered the chronological events observed in the cytotoxic T lymphocytes (CTLs) while performing the immune synapse for the effective destruction of target cell by utilizing a 4D high-resolution imaging technique. 55 This study exclusively disclosed the crucial role of actin restructuring to trigger the centrosome polarization and granule secretion. When the CTLs initially recognize and reach the target, the actin accumulation began at the leading edge of the projection which started the actin-enriched contact and rearward-flowing actin. In a very short time (approximately 1 min) after approaching the target, actin depletion occurred, resulting in the centrosome polarization and secretion initiation. The lattice LSFM primarily contributed in the observed mechanism, providing a high spatial and temporal resolution imaging. In this experiment the CTL-target cell was stained with two different dyes and with the application of lattice LSFM, a full 3D volume image of their event interaction in 131 2D planes per section with an acquisition speed of 1.3 s/image was captured. Figure 9 shows that both the centrosome and granules are then delivered to an area of membrane-depleted actin and therefore lead to cell destruction. It should be emphasized that after encountering the target, the restructuring of actin occurred very fast (within 2 min of synapse formation), and therefore a highspeed imaging technique is necessary. The lattice LSFM technique provides a threefold better optical sectioning and >15-fold enhancement in temporal resolution over spinning disc confocal microscopy. Even though the LSFM and spinning disc confocal microscopy were able to image similar actin dynamic processes, such as projections forming at the leading edge and actin flowing rearward toward the uropod in the migratory CTLs, the LSFM significantly record the initial depletion of cortical actin from the synapse center and relocate the polymerization of lamellipodial actin to a distal ring enriched with actin (dSMAC) at the perimeter of the synapse during the initial synapse formation, which will otherwise not revealed by the spinning disc confocal microscopy technique.
The growth behavior of cellular spheroids has also been systematically observed by LSFM techniques. Lorenzo et al. investigated chromosome segregation and cleavage plane orientation in large multicellular tumor spheroids that expressed a histone H2B fluorescent nuclear reporter protein. 56 Furthermore, 3D time-lapse imaging has been applied to evaluate the activity of putative anti-tumor drugs. With this technique, the effect of an antimitotic drug, paclitaxel, on mitotic dynamics in spheroids was studied. Using a customized holder that was modified from a pipette to support the sample from below or above, a pancreatic tumor spheroid was successfully imaged. The effect of drug treatment on a T-47D breast cancer cell was systematically cross-examined. This tumor spheroid contained 3000 T-47 D cells in which the nuclei and mitochondria were labeled with Draq5 and Mitoview, respectively. In this setup, a 5Â, NA 0.16 illumination objective lens was used and the image was captured with a 20Â, NA 0.5 objective lens.
Furthermore, LSFM has been successfully applied to generate the ratiometric imaging of redox states in tumor cell spheroids. In this experiment, the redox-sensitive green protein (roGFP), which is sensitive to the glutathione redox level, is genetically encoded in U251MG cells as a sensor label. The fluorescence protein was excited using two different excitations (391 and 470 nm), while the signal of the fluorescence was detected with a 20Â, NA 0.5 objective lens and separated into two parts. The fluorescence intensity ratio in the redox glutathione measurement was used to measure oxygen radicals for tumor therapy. The influence of oxidizing hydrogen peroxide on apoptosis and the pharmaceutical testing of apoptosis-inducing agent staurosporine have been effectively measured. 57 The LSFM has been proven to be beneficial in the field of immunological research. In fact, it was successfully applied for the detection of immune cell subsets in their corresponding native environment. Several tissue-clearing techniques along with the utilization of LSFM were used for the identification of lymphocytes and dendritic cells inside the lymphoid tissues. 59, 60 In addition, novel multicolor LSFM was employed for the 3D investigation of immune processes in large tissue specimens on a single-cell level (Fig. 10) . The three-color imaging technique, combined with tissue clearing strategies and an optimized antibody penetration, permits the effective quantification of the pattern changes in the mucosal vascular which addresses the cell adhesion molecule-1 (MAdCAM-1) and T cell responses in Peyer's patches. Moreover, it also enables the mapping of individual T cells after the hematopoietic cell transplantation and the detection of rare cellular events. 61 The data reconstructed from the LSFM were The application of LSFM in plant developmental biology is considered one of the emerging research areas that reveals the fundamental mechanism of a plant's development from the cells, tissues, and organs in the early stages of a plant's life. A number of studies discussed the strong influence of environmental conditions during cell proliferation and differentiation in plants. Recent advancements in plant developmental biology have recognized several developmental regulators along with the associated interactions and mechanisms which govern plant development. Recently, Wu et al. employed light sheet microscopy and flow cytometry to perform 3D image analysis of phytoplankton. 62 The plants, which were initially grown on solid medium and then hosted in a holder (glass capillary tube or customized holding device) [63] [64] [65] or directly grown in a holder (either glass capillary or fluorinated ethylene propylene (FEP) tubes), have been utilized by researchers for the observation of plants under LSFM. [64] [65] [66] Ovecka et al. performed imaging of germination of Arabidopsis seeds by placing them in 1/2 Â Murashige and Skoog (MS) medium with 0.6% (wt/vol) Phytagel within holders (glass or FEP tubes) (Fig. 11) . 64 The abovementioned mounting study has limited applications owing to the fact that aerial parts of the germinating seed would most likely get trapped in the gel-like material. To avoid this problem, the seeds must be placed near the surface of the gel-like material. Such an approach is applicable for short-term imaging applications (1-2 days post germination) since the constricted environment limits the availability of air and nutrients to the aerial parts of the plant. Maizel et al. was able to scoop the growing plant with a certain medium, which was then solidified with a carbon rod and exposed for imaging. 65 Micropipette tips (200 mL) were also customized by cutting the tip and filling it with solid plant medium for live imaging applications for Arabidopsis development. 65, 67 Depending on the design specifications, both bottom mounting 65 and top mounting 64 has been employed for the imaging of plants, with bottom mounting proving to be more appropriate. Maizel et al. employed LSFM to study the early development of Arabidopsis root tips and lateral root primordia mimicking the appropriate physiological conditions. 65 The setup enabled the study of cell proliferation during organ growth along with the tracking of single endosome movement in the root. Image quality was further improved by using structured illumination and an overall decrease in light scattering. In another study, Sena et al. traced fluorescently labeled nuclei in Arabidopsis roots to identify cell division over several consecutive days. 66 The automated routine helped in analyzing the nuclear dynamics that were associated with cell division to monitor root development in plants. Genetically modified transgenic Arabidopsis plants that expressed Ca þ2 probes (Cameleon) in the nucleus and the cytosol were utilized in monitoring Ca þ2 levels in response to artificial stimulation (ATP). 68 Forster resonance energy transfer (FRET)-based Ca þ2 imaging studies allowed uninterrupted viewing of the changes that occurred in the Ca þ2 levels in the nuclear and cytosolic parts of the root tip due to ATP stimulation. The FRET-LSFM-based approach helped in the direct visualization of previously predicted physiological phenomena (Ca þ2 signal percolation) in Arabidopsis plants.
A lateral root primordia (LRP) morphogenesis study in Arabidopsis plants was conducted by Lucas et al. 69 Later root formation is an intricate process that occurs due to cell division and growth of the main root. This group successfully established the transition from an elliptical to a round shape in LRP organogenesis in which the main root divides to form a dome-like structure that consists of regular cell layers. It proved effective in providing major insight into answering some of the fundamental questions that were related to plant development in general and root morphogenesis in particular. Vermeer et al. observed that the endodermis, lying immediately over LRP, underwent significant changes in shape and a loss in volume to ease the diffusion barrier for accommodating the emerging lateral roots in response to both chemical and physical cues during LRP morphogenesis. 70 Wangenheim et al. performed modeling as well as LSFM studies to give an in-depth explanation of self-organizing LRP formation, in addition to theorizing that the whole LRP morphogenesis is governed by a limited set of rules (Fig. 12) . 71 In a separate study, Rosquete et al. probed the mechanism of the development of lateral root architecture based on LSM studies. 72 Positive and negative orthogravitropism plays substantial roles in the development of primary roots and shoots, respectively, whereas LRP growth occurs at a given gravitropic setpoint angle (GSA), which offsets the dominant positive orthogravitropism occurring in roots and instead helps in later growth. This study employed DR5 fused with GFP to determine the asymmetric distribution of polar auxin transport that was responsible for GSA in LRP. The results provided convincing evidence that auxin transport plays a leading role in suppressing positive orthogravitropism in LRP. In another novel application, Berson et al. utilized LSFM to study vesicular trafficking in root hair. 73 
Light Sheet Fluorescence Microscopy in Brain Imaging and Developmental Biology
Recent advancements of various LSFM techniques were proven to have exceptional applications in the fields of neuroscience and developmental biology. In neuroscience, the most challenging concern of imaging the whole brain system with a high 3D single-cell resolution has been first overcome with the introduction of LSFM. It efficiently permits a systematic identification and analysis of the cellular circuits of the brain, providing a high imaging acquisition speed recording, sub-micrometer resolution, and minimum levels of photobleaching. In fact, Pampaloni et al. have successfully conducted studies on the analysis of the whole brain neuroanatomy in a fixed specimen and functional imaging of a whole brain system in live animals at cellular and subcellular resolution. 74 On the other hand, a number of LSFM techniques have opened new pathways toward the state-of-the-art research breakthroughs in developmental biology, including the quantitative analysis of molecular, cellular, genetic, and evolutionary levels in the development of animals. In addition, it has promising applications in particular areas of cell-cell interactions, embryonic development, transcriptional control mechanism, and growth factors 
Brain Imaging
Among the electrophysiological techniques used to quantify neuronal activity, [75] [76] [77] the use of whole-cell recordings still remains the favorite approach for the measurement of neural activity, while calcium imaging has been extensively used for the measurement of neuronal spiking action. The recorded neurons represent only a tiny fraction of those present in the brain, thus making it impossible to study the interaction of neurons present in different portions of the brain. Advancements in genetics, chemistry, and computational tools, along with the development of faster image acquisition systems, have provided a unique window of opportunity to probe neuron locations, morphology, and action. Noninvasive imaging techniques provide not only data from large neuron populations, but also key information about the location and morphology of the neuron, in stark contrast with standard electrical recordings, which is a method that employs the insertion of electrodes. Light sheet imaging has proven to be an excellent vehicle for the imaging of whole brains in small vertebrates [78] [79] [80] [81] [82] and invertebrates 81 and simultaneously provides information regarding the morphology of neurons and the relationships between their activities in disparate regions of the brain.
The interaction of the brain with the central nervous system (CNS) can be deciphered by solving coordinated patterns of neural network activity. Amat et al. were able to process very large sets of 4D image data (terabytes) that were obtained by image reconstruction from zebrafish, fruit fly, and mouse. 83 The imaging rate of 26 000 cells min À1 , with up to 20 000 cells per time point, allowed the study of embryogenesis of the common fruit fly (Drosophila melanogaster), with special emphasis on unraveling the neuroblast dynamics by studying nervous system development (Fig. 13) . Lemon et al. combined volumetric light sheet microscopy with a whole-CNS imaging assay and whole-CNS calcium imaging data from isolated Drosophila larvae. 84 Using two-or one-photon excitation, the entire CNS including the brain and ventral nerve cord was imaged at 2 or 5 Hz. Multiview (hs-SiMView) microscopy was developed by this group to improve the temporal resolution in fruit fly-sized samples by a factor of 25. This advancement is necessary for improving the existing technology 85, 86 which was slow and could not resolve images on sub-second timescales, resulting to not being able to resolve calcium imaging data from the brain. By mapping the neural network in the brain and CNS regions and correlating them, it might be possible to predict the functional activity of motor neurons in the ventral nerve cord. This example is one of the very first of measuring activity of a non-cleared, non-transparent CNS with a high degree of spatiotemporal resolution. Since then, a variety of other model invertebrates including Caenorhabditis elegans 87, 88 and Tribolium castaneum 87 have been investigated employing LSFM.
The ability to instantaneously record the activity of all neurons in a brain can address various questions such as the functioning and interaction of different neurons that are present in disparate parts of the brain during a particular action, e.g., swimming, that cannot be solved with existing electrophysiological techniques due to their inability to gather information from large neuron size from dissimilar brain areas simultaneously. One of the most common model organisms in brain imaging studies is Medaka fish. Stelzer et al. have employed digital scanned light sheet confocal microscopy (DSLM) to obtain quantitative data for an entire Medaka fish embryo (see Fig. 14 ) and compared the results with two well-established microscopic techniques, namely, confocal and two-photon fluorescence microscopy. 24 Acetylated tubulin immunostaining was used to stain the Medaka fish embryo's nervous system before imaging. It was revealed that the application of DLSM has increased the imaging acquisition speed to up to 50 times with a very high signal-to-noise ratio (10-100 times) as compared with the confocal and two-photon fluorescence microscopes, while significantly providing a much less energy (three orders of magnitude lower).
On the other hand, Larval zebrafish, especially mutant species such as the skin pigment-lacking nacre, 89 have been one of the most extensively studied model organisms in the fields of neuroscience as well as developmental biology because of its transparency and small size. Ahrens 78 and Panier 90 deployed light sheet microscopy to study a large group of neurons in the brains of zebrafish with the help of a genetically encoded calcium indicator. Ahrens et al. used larval albino (slc45a2) mutant zebrafish, which made it possible to excite tissues between the eyes owing to the lack of pigmentation. 78 The results obtained by light sheet imaging running at approximately 1 Hz indicated that approximately 86.9% of all neurons were captured with single-cell resolution, while some portion was partially blocked by the eyes (10.8%) or was recorded with lower imaging contrast due to refraction (2.3%). It was estimated that almost 80% of the brain was resolved with sub-cellular resolution upon systematic image analysis. Panier et al. was able to correlate functional neuronal circuits in larval stage zebrafish by expressing the genetically encoded calcium indicator GCaMP3 to perform in vivo brain-wide imaging. 90 The imaging of the spontaneous or stimulated neural activity and its correlation analysis could lead to the identification of neuronal circuits in the brain. 91 Dual-slit confocal light sheet microscopy was employed to image zebra fish brains at single-neuron resolution and proved to be twice as fast in imaging speed as a conventional line confocal microscope. 92 The high frame rate and the micron-scale spatial resolution are important advancements in neurobiology that enable the capture of neural activity and correlation in neuronal networks in whole zebrafish brain.
The monitoring of brain functions at any instance requires capturing and interpreting large amounts of neuronal activity from different parts of the brain. The increasing size and complexity of the neural data that is obtained requires significant analytical tools and computing power to process the raw data. Freeman et al. provided an opensource Thunder built on an Apache Spark platform for large-scale data processing via distributed computing. 93 By bridging the gaps between recording and processing large amounts of data from the imaging of neurons, along with application of distributed computing for pattern recognition in very large data sets, this group of researchers has turned the brain mapping efforts into deeply insightful biological cues for identifying neural networks that are associated with behavior. In a setup that combines fictive behavior with LSFM, this group was able to externally stimulate embryonic zebrafish and study sensory motor transformations. 94 Typical LSFM stimulated the eyes, or the recorded image was partially blocked by the eyes. To overcome this issue, two laser beams were employed to scan the brain: one scanned the brain from the front, while the other scanned from the sides of the brain, switching off automatically when it was positioned over the eyes. This approach enabled the delivery of an external visual stimulus while minimizing the effect of a secondary laser on the visual system. This group successfully tested fictive motor adaptation and showed that the recorded activity from motor neuron axons in the tail of a paralyzed larval zebrafish behaved similarly with and without the light sheets. The strength of the visual external stimulus directly influenced the motor output of the fish during its intended swimming behavior.
The transparency of zebrafish can be improved with either the usage of mutant strains or by treatment with highly toxic compounds (1-phenyl-2-thiourea, PTU). Both strategies are limited in their utility and have failed to provide normal behaving larvae for imaging studies. Antinucci et al. used pigment-lacking crystal mutant zebrafish larvae for studying optically stimulated behaviors (see Fig. 15 ); in these experiments, whole-brain light sheet imaging was used in conjugation with calcium imaging of neural activity in the retina. 79 This novel mutant that allowed optical access to its eyes elicited optomotor responses that were similar to those observed in wild-type larvae. In an interesting work, Park et al. performed in vivo 3D spatial mapping of an embryonic brain by employing light sheet fluorescence microscopy. 80 The morphogenesis of the neurons and vasculature during embryogenesis was studied by simultaneously imaging the developing neurons as well the blood vessels. These data can be further extrapolated for the construction of a complete 4D model of the development of zebrafish and their associated neural activity.
In contrary, non-transparent model organisms such as mouse's brain, is considered one of the most complex organs that requires a much more comprehensive and quantitative analysis in neuroscience. In an earlier work, a part of mouse brain was investigated for the study of the vomeronasal organ (VNO), which is specifically tuned to chemical stimuli. 98 Hammen et al. were able to decipher the relationships between glomeruli in the VNO in response to chemical stimuli. 99 The mammalian accessory olfactory bulb (AOB) has been known to distinguish between species, sex, maturity, and individual organisms. To study the exact mechanism, light sheet microscopy was employed to image presynaptic Ca 2þ signals by peripheral stimulation during the VNO inputs to the AOB. The glomerular activity maps differed significantly for sexually matured males, whereas they formed overlapping contours for females with young organisms of both sexes. The functionally defined AOB glomerular modulus pointed to different stimulation maps for different molecular features, which were evaluated by using two different kinds of stimulation (urine and steroid stimulation). This study was able to achieve the mapping of a large volume of the sensory system. It was found that recognition of VNO was principally based on phenotypes rather than molecular similarity between stimulants. Confocal light sheet microscopy was employed by Silvestri et al. to study whole mouse brain.
82
L7-GFP transgenic mice were used for mapping Purkinje cells, along with tracing neuronal activity in the brain of Thy1-GFP-M transgenic mice. 81 The work conducted by Silvestri and co-workers focused on the brain. With the same techniques, different organs from various specimens can be probed at sub-cellular resolutions. Dodt et al. was one of the pioneers in using chemical clearing methods for imaging fixed GFP-labeled neurons that were extracted from the hippocampus region of the mouse (see Fig. 16 ). 95 Detailed analysis of the anatomy of mouse embryo and fruit flies was conducted via imaging auto fluorescence. Optical clearing proved to be very important for the investigation of large specimens by high-throughput phenotypic screening. Clear, unobstructed brain/body imaging cocktails and computational analysis (CUBIC) has simplified the process of organ clearing. The optically cleared samples can be imaged by light sheet microscopy and quantitatively analyzed in a short period of time. This approach is especially suitable for fluorescent proteins that are encoded by transgenic genes. 100 In addition to CUBIC, 100 
Developmental Biology
The advantages of low phototoxicity, high resolution, and depth-resolved 3D imaging 108 make LSFM an important technique for several in vivo studies such as quantitative analysis in the entire zebra fish embryo, 18, 24 volume rendering protozoan Tetrahymena thermophila that expresses GFP-scramblase, 26 and imaging Cameleon expression in the pharynx of Caenorhabditis elegans (C. elegans), 109 living Drosophila melanogaster, 13, 110 all muscles of the transgenic Medaka line that express green fluorescent protein, 13 and developing C. elegans embryos. 54 LSFM has also been applied to study the biological event in transparent organisms such as Caenorhabditis elegans or Danio rerio and can be used for optical sectioning of whole biological organs at single-cell resolution. 108 Arranz et al. obtained volumetric images of the eversion process of a Drosophila melanogaster pupa's head by using a combination of LSFM and optical projection tomography. 111 Helical optical projection tomography (hOPT) -LSFM was also used to obtain high throughput 4D imaging in several specimens. 111, 112 The LSFM can be configured for multiview imaging to provide detailed volume images of large samples. The implantation of multiview selective-LSM (MuVi-LSM), which combines two detection and illumination objectives, enables high spatial resolution in fluorescence imaging of whole organisms with subcellular resolution. The high speed of MuVi-LSM allows to track the changes of nuclei and cell morphology in the embryonic development of Drosophila melanogaster. 25 Multiview imaging strategy was integrated with a simultaneous multiview (SiMView)-LSFM with four synchronized optical arms, which was equipped Figure 15 . Light sheet fluorescence volumetric imaging of the larval zebrafish in 4 dpf nacre (top), casper (middle), and crystal (bottom), Tg (elavl3:GCaMP6f). 79 with real-time electronics for long-term sCMOS-based observation. The implementation of one-photon and multiphoton SiMView has successfully recorded cellular dynamics in Drosophila melanogaster embryo development with 30 s temporal resolution. 86 Moreover, with the application of SiMView, high-resolution long-term imaging of nervous system development and imaging of neuroblast cell lineages in vivo was significantly implemented. 85, 86, 113 In addition, Chhetri et al. have developed iso multiview (iso view) for simultaneous two-color imaging of large specimens such as Drosophila embryos 114 and Schmid et al. have performed investigations on spherical geometry of zebrafish embryos with the use of four-lens selective plane illumination microscope (SPIM) setup. 85 Several reviews have recently focused on the intricacies of performing LSFM and the associated challenges on the study of embryogenesis. 74, [115] [116] [117] The mapping of cell behavior during vertebrate embryogenesis using zebrafish model were systematically studied by researchers. 18, 96, 118 The efficient nuclei localization and movement in the entire wild-type and mutant zebrafish embryos within the initial 24 h of development were significantly investigated through the application of DSLM (Fig. 17) . The aforementioned study provided a comprehensive analysis of the cellular and gene expression dynamics during zebrafish embryonic development, including the system-level organization of morphogenesis and the reconstruction of mutant phenotypes. In contrary, Keller et al. performed high-speed imaging of early Drosophila embryogenesis using a structured illumination DSLM (DSLM-SI) (Fig. 18) . 97 A detailed protocol on the strategies and loading methods for employing LSFM in developmental biology studies such as zebrafish and fruit fly was discussed by Keller et al. 97 However, the abovementioned LSFM setup was circumscribed on single angle recording which represents a fraction of embryo but incapable of recording the whole embryo. Therefore, SiMView, employed by Tomer et al. 86 was found to be more suitable for recording live organisms. It is noteworthy that the optimal magnification of the employed imaging system depends directly on the sample size as well as the camera chip size. 119 
Conclusion
The versatility of LSFM has been taken advantage of in various studies that are related to single particle/molecule detection and tracking, the impact of biomarker proteins in aging/stress, and the detection of subsets of immune cells in immunological fields. Digital scanned laser light sheet fluorescence microscopy improves the recording speed, leading to imaging of large specimens, and high-quality images can be obtained with MuVi-SPIM from multiple directions, while the spatial-temporal resolution of LSFM can be improved significantly by using Bessel beams or lattice beams instead of Gaussian beams. In the last two decades, the development of single-molecule spectroscopy has revealed the fundamental mechanisms of biomolecular reactions. However, it is very challenging to study singlemolecule behavior in cells because of the background in the complex cellular environment. With the advances in light sheet illumination, localization algorithms, and proteinlabeling chemistry, it is now possible to investigate singlemolecule dynamics, even in living cells. It is also important to keep in mind that the rapid advancement of LSFM would not have been possible without the advancement in computational tools and faster image acquisition systems. These improvements have provided researchers in developmental biology and brain imaging a unique opportunity to probe neuron locations, morphology, and action in plants, invertebrates, and vertebrates. The developmental studies that have been undertaken have not only provided new insights in the early mechanisms regarding morphology but can also lead to correlating the activity of neurons in disparate brain regions. This recent advancement, in turn, would enhance the chances of prenatal detection of various diseases such as congenital heart disease, autism, cystic fibrosis, and other genetic diseases. The early diagnosis of diseases is crucial in improving the chances of treatment by available medical care.
Future directions in the development of LSFM depend on the degree of collaboration from various fields and the transfer of knowledge among researchers for better utilization of the established knowledge. The applications of LSFM to diverse fields are a clear indication that researchers have already realized the importance of integrating the various parts including computation, biology, and image acquisition to present a coherent story. This realization has forced various research groups to either acquaint themselves with each component that is related to the working and application of LSFM or to collaborate among themselves, leading to the advancement in the applicability of LSFM to solving various complicated problems in different fields of study. The improvement of the average life span of human beings, along with the progression in the quality of life, is intrinsically related to the understanding of various diseases and alleviating them through early detection and diagnosis. By the application of LSFM, it is possible to detect the origin of various diseases in the prenatal stages and take curative actions to eliminate or control them effectively. There is an immense possibility for this technology to fill in the gaps in the limited understanding of diseases.
